INTRODUCTION
Colorectal cancer is one of the leading causes of mortality and accounts for ~300,000 new cases per year in Europe and the United States. 1 Approximately 25% of these cases are rectal cancers, and the incidence of its benign precursor lesion, adenomas, is far higher. Total mesorectal excision is the gold standard to treat carcinomas, transanal endoscopic microsurgery (TEM) is the method of choice to treat sessile adenomas. [2] [3] [4] Although it has not yet been proven, T1 rectal carcinomas may be good candidates for TEM without compromising oncologic outcome. [5] [6] [7] On the other hand, an invasive carcinoma (beyond the muscularis mucosae) is found after local excision in a large proportion of presumed benign tumors, which shows the need for more precise staging. 5, 8 Several possible imaging techniques have additional value, and endorectal ultrasound seems most promising; however, not all cases are eligible for endorectal ultrasound, and overstaging is a serious problem. 9 It should be noted that TEM-treated cases of early rectal cancer mostly consist of adenoma tissue. Thus, there is a need for additional preoperative staging methods that can accurately facilitate therapeutic decision-making in the treatment of rectal tumors. Ideally, a combination of methods should be able to reliably discern benign adenomas from adenomas containing a carcinoma focus, as well as predict lymph node metastasis.
Chromosomal instability is the main characteristic of many different tumor types, including rectal cancer. To date, many studies have been done in colorectal cancer to assess chromosomal gains, losses or LOH. Commonly involved regions in (colo-) rectal cancer are 5q, 8, 13q, 17p, 18q and 20q, as established by different groups. [10] [11] [12] [13] [14] Other studies specifically analyzed rectal cancer precursor lesions and found that commonly involved chromosomal aberrations are already frequent in adenomas or are correlated with high-grade dysplasia. [15] [16] [17] [18] Several studies identified intratumor heterogeneity, which is characterized by patterns of different chromosomal aberrations in different tumor areas of the same lesion. 19, 20 In a previous study, we used single nucleotide polymorphism (SNP) arrays to detect copy number aberrations and LOH in rectal adenomas and carcinomas at different clinical stages. 12 Considering the frequent malignant events, gain of 8q, 13q and 20q, and loss of 17p and 18q, we have built a rectal cancer progression model. In addition, we found that (combinations of ) these "malignant" events were increasingly found in adenoma fractions of carcinoma cases in comparison with pure adenomas. We now did a systematic comparison of chromosomal instability patterns in adenoma and carcinoma fractions in the same lesion of early rectal cancer cases that were treated by TEM. The effect of intratumor heterogeneity in a partly overlapping set of tumors was assessed by chromosomal instability analysis of three different ex vivo core biopsies per tumor, which were taken postoperatively.
MATERIAL AND METHODS

Samples
Material from 36 rectal carcinomas was obtained. These tumors were preoperatively classified as adenomas, but in all cases, definite histopathology revealed the presence of a carcinoma. All patients were treated using the TEM technique at the IJsselland Hospital (Capelle a/d IJssel, the Netherlands) or Reinier de Graaf Hospital (Delft, the Netherlands). None of the patients received (neo-) adjuvant radiotherapy or chemotherapy. All samples were reviewed by a pathologist (H.M.), dysplasia was scored, and tumor cell percentage was assessed (50-80%). From these tumors, we analyzed an adenoma (also indicated as A/C), a carcinoma (also indicated as C/C), and a normal tissue fraction. For comparison, we used data from 21 pure rectal adenomas (also indicated as A/A) from a previous study. 12 For intratumor heterogeneity analysis, three core biopsies were taken postoperatively, ex vivo, from 13 of the carcinoma cases and 5 of the pure adenoma cases at the surface of the tumor.
These biopsies were randomly taken and snap frozen in liquid nitrogen. Biopsies contained either adenoma or carcinoma tissue.
The local medical ethical committee approved the study (protocol number P04.124). Table 1 shows all sample characteristics.
DNA isolation
Formalin-fixed, paraffin-embedded (FFPE) tissue from the adenoma and carcinoma fractions was analyzed. DNA was extracted as previously described. 21 Briefly, three tissue punches (0.6 mm diameter) were obtained using a tissue microarrayer (Beecher Instruments, Sun Prairie, WI), and DNA was isolated with proteinase K. Formalin-fixed, paraffin-embedded DNA was subsequently cleaned up using the Genomic Wizard kit (Promega).
DNA from the frozen tumor biopsies was extracted as previously described using the Genomic Wizard kit. 12 All DNA concentrations were measured with the PicoGreen method (Invitrogen-Molecular Probes, Breda, The Netherlands), and DNA quality was checked on a 1% agarose gel.
Array analysis
The use of SNP arrays is a well-established method for copy number and LOH analysis. Therefore data were not validated with cytogenetics in the present study. Validation studies are well documented by us and others. [22] [23] [24] For each cell isolate, 1 μg of DNA was used for the BeadArrays. Illumina BeadArrays, in combination with the linkage mapping panel version 4_v3 or version 4_v4B (Illumina, San Diego, CA), were used and respectively contained 5,861 or 6,008 SNP markers distributed evenly over the genome with an average physical distance of 482 kb. Samples were prepared according to the Goldengate assay. 25 Gene calls were extracted using the gene calling programs GeneCall and GTS Reports (Illumina, San Diego, CA).
Copy number and LOH analysis
Copy numbers were determined based on intensity of the individual SNPs. 23 LOH was analyzed by comparing the genotypes from paired normal and tumor DNA. Analyses were done using the R-package beadarraySNP. In addition, chromosome visualization of LOH was done in Spotfire DecisionSite (Spotfire, Somerville, MA). 26 LOH was calculated as described 1 26 When both physical loss and LOH were detected at a specific region, the LOH detected is an additional indication of physical loss. In the case where no copy number change was detected, LOH was interpreted as copy neutral LOH.
APC and KRAS mutation screening
APC and KRAS mutation detection were performed as described. 27 PCR product (5-10 ng) was sequenced with 6 pmol of M13 forward or reverse primer on an ABI 3700 DNA Analyzer using 
p53 and SMAD4 immunohistochemical analysis
Triplicate tissue cores from tumor areas, selected by a pathologist (H.M.) based on (H&E)-stained slides, were taken from each specimen (Beecher Instruments, Silver Springs, MD, USA). These punches, which had a diameter of 0.6 mm, were arrayed on a recipient paraffin wax block using standard procedures. 28, 29 A paraffin sectioning aid system (Instrumedics Inc., Hackensack, NJ) was used to facilitate cutting 5-μm sections of the tissue micro-array. After antigen retrieval (microwave oven treatment for 10 minutes in 10 mmol/L citrate buffer pH 6.0 (p53) or Tris-EDTA pH 8.0 (SMAD4)), endogenous peroxidases were inactivated by 1% H 2 O 2 /PBS. Sections were incubated overnight at room temperature with mouse anti-human monoclonal antibodies directed against p53 (clone D0-7, 1:1000 dilution; NeoMarkes) or SMAD4 (clone B-8, 1:100 dilution; Santa Cruz Biotechnology). The sections were then incubated and stained with a biotinylated secondary antibody in PBS/bovine serum albumin 1% (p53) or Envision HRP-ChemMate kit (SMAD4; DAKO). Diaminobenzidine tetrahydrochloride was used as a chromogen for p53
staining. The slides were counterstained with hematoxylin. p53 was scored in four different categories based on any level of nuclear staining: 1% to 25% positive nuclei (indicative for a wildtype status), 25% to 75% positive nuclei, > 75% positive nuclei (the latter two mostly indicative for a mutation) or completely negative (uninformative). SMAD4 was scored in the following categories: no nuclear staining with a positive internal control (total loss), weak nuclear staining (down regulation) and moderate to strong nuclear staining (positive).
Statistics
Student's t-test was used to compare means of continuous variables between two groups. χ 2 tests were done to test significance between groups for specific loss and gain events. Physical loss and copy neutral LOH were considered as identical events in these analyses. Correlations between two tumor fractions were computed using Pearson's correlation coefficients. For all analyses, p-values of < 0.05 were considered as significant. All these analyses were done using Statistical Package for the Social Sciences 12 (SPSS).
RESULTS
Chromosomal aberrations
In a previous study, we typed copy number profiles using SNP arrays in 77 fresh frozen tumors of different stages. 12 We subdivided the adenoma tissue into pure adenomas (A/A) and adenoma fractions of cases with a carcinoma focus (A/C). The carcinoma tissue was subdivided in tumor samples consisting of a mixture of adenoma and carcinoma tissue (AC/C), carcinoma tissue alone (C/C) and primary tumors in cases with lymph node metastasis (C/C (N+)). Importantly, the latter two contained no or only minimal adenoma tissue, whereas the A/C cases consisted predominantly of adenoma tissue. We found five specific chromosomal aberrations (gain of 8q, 13q and 20q and loss of 17p and 18q), which could discriminate adenomas from carcinomas.
With the aim of studying the early aberrations already present in the adenoma fraction of carcinoma cases, we assessed copy number alterations and LOH in paired adenoma (A/C) and carcinoma (C/C) formalin-fixed, paraffin-embedded tissues of 36 TEM treated rectal carcinomas.
In two cases, two different adenoma fractions were identified, and for four cases, the carcinoma fraction was too small to be analyzed; therefore, both the adenoma fraction with low and high grade dysplasia were analyzed, finally leading to a total number of 32 C/C fractions and 42
A/C fractions. Table 2 shows the most frequent chromosomal changes per sample group; in supplementary Table 1 , all genomic and genetic abnormalities are shown for each case. The A/C and C/C fractions were compared with each other and with the pure adenomas (A/A) from the previous study. 12 From that study, we learned that only specific adenoma events (loss of 1p36, 4q32-pter and 5q and gain of 7p15-11 and 12q13) were frequently involved in the A/A cases. In the current study, we observed that the carcinoma or "malignant" events were all significantly different between the C/C and A/A groups ( Table 2) . Three of the five events were also significantly different between the A/C and A/A groups (13q gain, 20q gain, and 18q12-22 loss) and between the C/C and A/C groups (8q22-24 gain, 13q gain, and 18q12-22 loss).
In addition, 13q gain combined with 18q loss was significantly different between the groups.
Moreover, additional carcinoma progression events were identified in this study: loss of 8p, 14q
and 15q and gain of 19q were all increased in carcinoma fractions (C/C) in comparison with their adenoma counterparts (A/C).
Mutations of APC and KRAS
To supplement chromosomal instability data, mutational status of colorectal cancer genes APC and KRAS was studied. A major function of the APC protein is β-catenin degradation. Mutations in APC result in the loss of β-catenin binding sites; however, when the mutation is in the mutation cluster region, one or two active β-catenin binding sites are retained. Albuquerque et al.
posed that the position and type of the second hit on APC depends on the localization of the first hit. 30 Patients with the first mutation around codon 1300 acquire the second hit by allelic loss, whereas patients with a first mutation elsewhere acquire truncating mutations within the mutation cluster region rather than loss/LOH. The amount of remaining β-catenin binding sites might lead to a different biological behavior of the tumors. For KRAS, the type of mutation was also suggested to be of significance. In a large data set, the valine alteration was correlated with shorter survival in relation to other mutations. 31 In the pure adenomas, we observed high percentages of APC and KRAS mutations (61% and 53% respectively), comparable with frequencies in the A/C (62% and 67%) and C/C tumor fractions (50% and 46%, Table 2 ). For APC, we examined whether patients with 5q retention had other types of APC mutations compared with cases with 5q LOH/loss. In the cases with 5q LOH/loss, we observed that 64% had an APC mutation, whereas cases with 5q retention showed a frequency of 52% (not significant). There was no difference in the type of mutation and, consequently, in the amount of remaining β-catenin binding sites, among A/A, A/C and C/C samples. For KRAS, we examined if we could detect any difference in type of mutation.
Glycine to valine and glycine to aspartic acid were the most frequent alterations (n=11 and n=13, respectively). However, no difference in type of mutation was observed among A/A, A/C, and C/C samples. The A/C group had the most double mutations; 38% had a mutation in both APC and KRAS, compared with 28% for the A/A cases and 16% for the C/C cases. However, this difference was not significant.
p53 and SMAD4 immunohistochemistry
Not many target genes on chromosomes 8q, 13q, 17p, 18q and 20q have been unequivocally identified. However, the role of p53 on 17p and SMAD4 on 18q has been amply documented in the tumorigenesis of CRC. [32] [33] [34] [35] Nevertheless we cannot rule out completely that other genes are targeted by these chromosomal aberrations as well. Because reliable immunohistochemistry was available, we did p53 and SMAD4 immunohistochemical staining on tissue microarrays and correlated the findings to allelic loss status. Although 17p loss frequency was only significantly different between the A/A and C/C tumors, aberrant p53 staining (25-100% positive nuclei, indicative for a mutation) was significantly increased in the A/C group compared with the A/A group (29% versus 5%, p = 0.022) and in the C/C group compared with both the A/C and A/A groups (63% versus 29%, p = 0.006 and 63% versus 5%, p < 0.001, respectively; Table   2 ). In addition, significantly more aberrant staining was observed in the A/C group with highgrade dysplasia compared with low-grade dysplasia (46% versus 0%, p < 0.001). For SMAD4,
we assessed both the percentage of down-regulation and complete loss of protein expression. Down-regulation of SMAD4, as well as complete loss of SMAD4, were both significantly increased in the A/C cases when compared with the A/A cases (74% versus 48%, p = 0.04 and 18% versus 0%, p = 0.011, respectively), and complete loss of SMAD4 was different between C/C and A/A cases (41% versus 0%, p < 0.001; Table 2 ). Both down-regulation and complete loss of SMAD4 expression were correlated with 18q loss (p = 0.018, p = 0.011, respectively).
Association of chromosomal aberrations to clinicopathologic features
We investigated whether several clinicopathologic markers were associated with chromosomal aberrations. The malignant tumors were significantly smaller than the pure adenomas (mean diameter 4.6 versus 6.3 cm, p = 0.032); however, the total number of aberrations, or the amount of the five malignant aberrations, did not correlate with tumor size. Furthermore, samples from different T stages were compared. We compared 10 T2 carcinomas with 25 T1 carcinomas. No significant differences were observed between these groups in total chromosomal instability or malignant aberrations. Nine cases with local recurrences were compared with those without recurrences. However, no significant differences were observed. Three samples had lymph node metastasis, but this number was too small to make any comparisons. showed more than five extra events in the carcinoma fraction. (Figure 1A ) For five cases (14%), the adenoma fraction contained more aberrations than its corresponding carcinoma fraction. Figure 1B compares the occurrence of the five malignant aberrations between the adenoma and carcinoma fraction in the same lesion. In 42% of the adenoma fractions, two or more malignant events were identified. In 11 cases (31%), the amount of malignant events was identical in the adenoma and carcinoma fraction of one tumor. In 25% of all cases, one extra Table 1 ), and for these samples, we compared the adenoma with low-versus high-grade dysplasia. For samples 14 and 24, the adenoma fraction with low-grade dysplasia was plotted. malignant event was detected in the carcinoma fraction, whereas in 33% two or more extra malignant events were detected. In four cases (11%), the adenoma fraction contained more malignant aberrations than the carcinoma fraction. For cases with more aberrations in the adenoma than in their carcinoma counterparts, we determined if data were in accordance with immunohistochemistry. For instance, in case 24, the adenoma fraction showed loss of 18q and reduced SMAD4 protein expression, whereas the carcinoma fraction showed 18q retention and a normal SMAD4 staining pattern. In the other samples, immunohistochemistry also confirmed chromosomal aberrations. Table 3 shows the distribution of the genomic changes over the chromosomes. As expected, the malignant aberrations were the most common "progression" events, as these had the highest frequency in the carcinoma fractions, while the corresponding adenoma fractions did not show this event. 13q and 18q were especially strongly increased; in 13 and 14 cases, respectively, the carcinoma fraction contained this event in contrast to the adenoma fraction.
Systematic comparison of adenoma and carcinoma tissue in the same lesion
The other extra events in the carcinoma fractions did not involve specific chromosomes, as the random distribution of events over the chromosomes shows.
Intratumor heterogeneity analysis in tissue biopsies
For the clinical application of chromosomal instability profiling, accurate analysis of preoperative tissue biopsies is essential. To mimic these biopsies, we investigated three postoperative biopsies for each tumor and estimated how representative these biopsies are for the tissue sample because intratumor heterogeneity is a well-known phenomenon in colorectal cancer.
Three different biopsies were postoperatively taken ex vivo from five pure adenomas and 13 carcinomas at random positions from the surface of the tumor and analyzed with SNP arrays (Table 1 ). Figure 2A shows genome wide chromosomal aberrations in the different biopsies and their corresponding adenoma or carcinoma fraction.
Roughly the same pattern of aberrations is seen in the different biopsies and the corresponding tumor fraction of the same patient. The number of "malignant" aberrations for all three biopsies, and the adenoma and carcinoma fractions per patient, is comparable for most cases. ( Figure   2B ) In 3 out of 18 (17%) tumors (cases 16, 30 and 54), the amount of "malignant" aberrations differed considerably between the biopsies and the tumor fractions, whereas in the majority of cases (15 out of 18, 83%) the biopsies showed one different "malignant" aberration at most.
We hypothesized that the biopsy with the largest number of chromosomal aberrations is representative for the tumor. Correlation coefficients for the number of total aberrations and for the number of "malignant" aberrations between that biopsy and the corresponding tissue fraction were 0.660 (p =0.003) and 0.807 (p <0.001; Figure 2C ), respectively (biopsies containing adenoma tissue were compared with adenoma fractions, and carcinoma biopsies were compared with carcinoma fractions). We simulated the effect of taking, at random, one or two biopsies (instead of three). Taking only one biopsy resulted in a lower correlation, whereas the effect of two biopsies was nearly comparable with that of three biopsies (data not shown). A to C, overview of the 5 pure adenomas and the 13 adenoma-carcinoma pairs from which three biopsies per tumor were analyzed. We show the three biopsies per tumor, the adenoma fraction, and the carcinoma fraction, respectively. Numbers on the X axis indicate the sample ID, whole tumor fractions are indicated by large squares, and biopsies are indicated by small squares (white, adenoma tissue; black, carcinoma tissue). A, all different aberrations are shown for every sample and all chromosomes. Green, gain; red, loss; yellow, copy number neutral LOH. B, amount of five malignant aberrations per tissue sample. C, the amount of five malignant aberrations for the whole tissue fraction (X axis) against the biopsy with the most aberrations (Y axis) was plotted per tumor sample. Labels in the plot indicate the sample ID.
DISCUSSION
For correct preoperative staging of rectal tumors, especially large sessile adenomas eligible for TEM resection, it is necessary to identify those adenomas already containing an invasive focus.
In a previous study, we found that five specific chromosomal aberrations could clearly discriminate sessile adenomas from carcinomas. 12 Moreover, in adenoma fractions from cases with a carcinoma, twice the amount of such "malignant" aberrations was observed, as compared with pure adenomas. In the present study, we analyzed the adenoma and carcinoma fractions of 36 rectal tumors and found that two or more malignant events are present in 46% of the adenoma fractions and that the increase in malignant aberrations in adenoma to carcinoma progression was relatively small. Intratumor heterogeneity analysis showed that it is essential to analyze multiple biopsies for a correct assessment of chromosomal instability patterns. The Vogelstein progression model for colorectal tumorigenesis, proposed in 1990 and adapted in the years after, has been addressed by many other studies. 20, [36] [37] [38] We now seek to use such data for clinical decision making. Our study showed that three of the five malignant events (gain of 13q
and 20q and loss of 18q) were already abundant and significantly increased in rectal adenoma fractions of carcinoma cases compared with pure adenomas. The two other malignant events (8q gain and 17p loss) were not significantly changed, but percentages were increased. Furthermore, 17p loss was related to aberrant nuclear staining for p53 using immunohistochemistry, which was significantly different in adenomas with a carcinoma focus versus pure adenomas.
Loss of 18q and SMAD4 immunohistochemistry showed an identical relationship. The relative additional amount of chromosomal aberrations in the transition from adenoma to carcinoma was most often equal in cases with a limited amount of adenomatous aberrations to those with a high amount of such events.
Hermsen et al. described seven cancer-associated events (loss of 8p, 15q, 17p and 18q and gain of 8q, 13q and 20q) that were associated with both carcinomas and adenoma fractions of carcinomas. 15 In addition, they found that these chromosomal abnormalities occurred in specific combinations of a few abnormalities rather than as a mere accumulation of events.
We did not identify a specific combination of events but found that most carcinomas have at least two of the five malignant events. In addition, we identified gain of 19q and loss of 8p, 14q, and 15q as later events in carcinoma progression, as these were increased in the carcinoma well-studied phenomenon in CRC, our study is the first to assess genome wide heterogeneity through SNP array analysis in a series of rectal tumors. 19, 20, 39, 40 Losi et al. found intratumor heterogeneity in 90% of early colorectal cancers, a percentage that corresponds to our data. 20 In addition, Baisse found heterogeneity in 67% of colorectal cancer. 40 Studies in colorectal and other cancers showed that accumulation of clonal diversity is a fundamental principle in cancer progression. [41] [42] [43] In our study, less heterogeneity was present when only the five malignant aberrations were tested. Moreover, a good correlation was established between the biopsy with the most aberrations per patient and the corresponding adenoma or carcinoma fraction.
In spite of the observed heterogeneity, it seems that three biopsies per tumor can reliably assess the chromosomal aberrations in rectal tumors.
Surprisingly, some adenoma fractions showed more aberrations than their carcinoma counter- A recent study showed that retention of chromosome 5q correlated with liver metastasis in colorectal cancer. 45 The authors found that tumors with 5q deletion (loss or LOH) have a different type of APC mutation than cases with 5q retention. Cases with 5q deletion usually have one APC allele affected by a mutation, usually leaving one or two β-catenin binding sites, whereas cases with retention usually have two different APC mutations. 30 This can lead to differences in residual β-catenin activity, which in turn can show an effect on the neoplastic process. We did not detect any significant difference between cases with 5q retention versus 5q LOH/loss regarding APC mutations in the mutation cluster region. However, we analyzed only the mutation cluster region of APC, starting at codon 1284. If mutations occurred before the mutation cluster region, this would lead to loss of all β-catenin binding sites in one allele, as is probably the case in the samples with 5q retention.
As a large proportion of presumed sessile rectal adenomas seem to identify postoperatively as carcinomas, there is a need for additional preoperative tests. Most carcinomas in this study were preoperatively classified as adenomas; thus, a TEM was done. In the majority of carcinoma cases, preoperative and ex vivo core biopsies contained adenoma tissue, indicating that it is difficult to obtain a correct preoperative diagnosis using standard histopathology. Interestingly, 15 out of 36 (42 %) adenoma fractions of carcinoma cases had two or more malignant aberrations, indicative of malignancy. Aberrant p53 and SMAD4 immunohistochemical staining correlated with 17p and 18q loss, respectively, and were both increased in adenoma fractions of carcinomas in contrast to pure adenomas. Such p53 immunohistochemistry showed an even better discrimination between pure adenomas and adenoma fractions of carcinoma cases than 17p loss, indicating that some cases might have two somatic mutations in the p53 gene, instead of one mutation combined with chromosomal loss. However, we cannot exclude that other genes might be targeted by the loss. For chromosome 8q, 13q and 20q gain, the target genes are largely unknown, although a prime target on 8q might be the cMyc gene, for example.
BRCA2, Rb and other tumor suppressor genes locate on chromosome 13q. Although 13q loss is observed in most cancer types, this chromosome usually shows gain in colorectal cancer. Earlier observations indeed showed increased copy numbers of one Rb1 allele, and increased levels of Rb mRNA and protein expression in CRC. [46] [47] [48] The role of Rb in colorectal cancer development is thus not clear. Currently we are integrating gene expression analysis with the obtained SNP data in order to study the effect of chromosomal aberrations on the transcriptional level.
Our ex vivo biopsy analysis showed that the analysis of small biopsies is feasible because the chromosomal aberrations were reliably identified. Additionally, biopsies were taken at the surface of the tumor, just as in the preoperative situation. The five chromosomal regions and immunohistochemistry for p53 and SMAD4 should now be evaluated on a large series of multiple preoperative biopsies. However, reservations may exist to the application of the above approach, given that some adenomas tend to harbor more aberrations than their carcinoma counterparts. After validation studies, these methods can hopefully be added to future histological analysis and imaging methods, possibly leading to improved rectal tumor staging.
In conclusion, adenoma fractions of rectal carcinoma cases show a high degree of chromosomal instability and have a relatively small increase in genomic alterations in their transition to carcinomas. The occurrence of specific chromosomal events could possibly be used to predict the malignant behavior of sessile rectal adenomas. The analysis of several biopsies per patient revealed a large degree of intra-tumor heterogeneity, but when three biopsies per tumor are analyzed, most aberrations are reliably identified.
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